At the heart of learning-by-doing 1 lies a well-known psychological phenomenon:
2 delineate some of their synergisms and provide a framework for further dissecting them in a genetically tractable model system.
In the 100 years since the term was coined 1 , "learning-by-doing" has been recognized as a successful educational and economic strategy 8 . At its core lies a psychological phenomenon which was described only a few years earlier: Active engagement of the brain provides learning capabilities which are difficult or impossible to achieve by passive observation alone 2, 3 . This phenomenon is today known as the generation effect 4 and can also be observed in animals such as monkeys 5 , cats 6 or fruit flies 7 . Despite the impact learning-by-doing has on society and the ubiquity of the generation effect, the mechanism by which activity enhances passive learning is unknown.
To study its neurobiological basis, we hypothesized that the generation effect may be brought about by an interaction of two components: an active, skill-learning component and a passive, fact-learning component. We tested this hypothesis by combining two simple experimental instances of fact-and skill-learning, respectively, in the fruit-fly Drosophila melanogaster. In both tasks, the fly is tethered to a torque meter to accomplish stationary flight. In the passive fact-learning task, the fly is presented with one of two visual cues in alternation, independently of its own behaviour. The presentation of one of these cues is associated with an infrared beam of light providing instantaneous, aversive heat. The animal learns the fact that one cue is punished and prefers the unpunished over the punished cue in a subsequent choice test without heat 9 .
In the active skill-learning task, the fly's spontaneous turning maneuvers 10 are divided into two groups (i.e. attempts to turn left or right, respectively) and one of them is punished by heat. During the subsequent choice test without heat, the animal generates manoeuvres preferentially in the previously unpunished direction 11 . There are no external cues guiding the animal during skill-training or testing. The fly has to rely solely on its own internal representation of its movements in order to solve this task. In the combined paradigm ( Fig. 1) , attempted turning will lead to either blue or green illumination (i.e. a right turn will cause illumination of one colour while a left turn will cause illumination of the other). During training, one of the two situations is associated with heat. During test, the heat is permanently switched off. Extending previous results 7 , the flies showed the generation effect also in this composite paradigm ( Supplementary   Figures 6, 7 ). This finding is consistent with our hypothesis that an interaction of factand skill-learning components may underlie the generation effect. But of what nature is this interaction? A simple possibility is that the fact-learning component and the skilllearning component are formed in parallel, and that the two components are summed. A straightforward test of this 'summation' hypothesis is to disable one of the two components and then subject the animals to the composite learning task.
The rutabaga (rut)-mutant flies lack a type I adenylyl cyclase that is required for most learning tasks including the instance of fact-learning tested here (Supplementary Figure 7) . If mutant rut flies are only deficient in fact-learning, the summation hypothesis predicts two similar learning scores: reduced, but significant composite learning and unaffected skill-learning. If the Rutabaga cyclase is required for both learning components, the mutant flies should perform poorly in both the composite and the skill-learning task. Surprisingly, rut mutants performed well (even exceeding wildtype levels; Supplementary Figure 7 ) in the skill-learning task, but they failed in the composite task (Fig.2a) . How can this dominant-negative effect of the colours be explained? One explanation is that the colour changes may interfere with skill-learning in rut flies. However, colour changes unrelated to the flies' behaviour did not disrupt performance (i.e., a yoked control; Supplementary Figure 7) . Rather, in rut mutant flies, colour changes concomitant with turning behaviour somehow inhibit skill-learning during the composite learning task. To investigate whether this inhibition occurs during acquisition or during retrieval of the skill-learning component, we removed the colours after training and tested for the skill-learning component in isolation. If the inhibition takes place at the level of acquisition, the learning score should be zero, because no skill was ever learned. If the inhibition takes place during retrieval, the rut flies should reveal a significant learning score, because the colours are no longer present and thus cannot interfere with the performance of the skill which was learned during composite training.
The significant rut learning score places the inhibition firmly at the level of retrieval for the mutant flies (Fig. 2a) . The same experiment with wildtype flies did not reveal any significant learning score. We conclude that in wildtype flies fact-learning also exerts an inhibitory effect on skill-learning. In contrast to rut flies, this inhibition of skill-learning acts during acquisition and not during retrieval.
These results show that the interaction between fact-and skill-learning components is more complex than mere summation. Counter-intuitively, one factor involved in this interaction is inhibition of skill-learning by a dominant fact-learning component. Because the generation effect entails an overall enhancement of learning, there must be a second, facilitating factor which more than compensates for the skilllearning inhibition. One may assume this second factor to be reciprocal to the first, from the skill-learning component back to the fact-learning component (Fig. 3) . While on the surface this arrangement may seem implausible, such an enhancement of fact-learning at the expense of skill-learning allows for keeping the learned fact flexible for use with a different behaviour than with which it was acquired. It has been shown previously that flies can perform such a generalization 7 and that the mushroom-bodies (MB), a prominent neuropil in the insect brain, are required for certain generalization tasks 12, 13 .
Conspicuously, the general MB function has long been thought to be inhibitory in nature [14] [15] [16] . We therefore suspected that the inhibition of skill-learning may be mediated by the MB and enable generalization of the learned fact. To test this hypothesis, we genetically blocked output from the MB, trained the transgenic flies in the composite task and subsequently tested them for generalization of colour memory and for the isolated skill-learning component (as in the rut experiments). Flies with impaired MB function can learn visual cues and perform well in skill-learning as well as several other learning tasks 9 . If the MB mediate the inhibition of skill-learning in order to generalize learned facts, removal of this inhibition in the transgenic flies should lead to significant skill-learning and no generalization. Indeed, flies with blocked MB output perform according to these predictions (Fig. 2b) . Further experiments indicate that the MB and lobes, but not the lobes contribute to this inhibition (Supplementary Figure 8) . Are the MB also involved in the facilitation of fact-learning? There is a different composite paradigm in which skill-learning can be prevented technically by making the behaviourheat association non-predictive 7 . In this experiment, a lack of fact-learning facilitation would entail a decrement in composite performance compared to control animals. No such decrement was observed 9 . Thus, current data are consistent with the hypothesis that the MB mediate inhibition of skill-learning in order to generalize learned facts and are not involved in the facilitation of fact-learning.
Encouraged by these results, we developed our hypothesis one step further. When Our results allow for the first time to establish a mechanistic model of how active and passive learning systems interact in composite learning situations and which biological substrates mediate the processes resulting in the generation effect (Fig. 3) . The rut-independent skill-learning component facilitates acquisition of the rutdependent fact-learning component (generation effect) via unknown, nonmushroom-body pathways. This facilitated fact-learning inhibits acquisition of skill-learning via the mushroom-bodies. These interactions lead to efficient learning, generalisation and prevent premature habit-formation.
